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Stereotyped Pruning of Long Hippocampal Axon
Branches Triggered by Retraction Inducers
of the Semaphorin Family
of the target regions to which it initially projected. Within
each region, further branch formation (terminal arboriza-
tion) and retraction then shapes the final pattern of syn-
aptic contacts. At the same time, naturally occurring
neuronal cell death culls many of these neurons, estab-
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lishing the final numbers of each neuronal population.University of California, San Francisco
Much headway has been made in understanding theSan Francisco, California 94143
mechanisms underlying four of these five events. The2 Department of Biological Sciences
first two, growth cone guidance and branch formation,Howard Hughes Medical Institute
are controlled by positive and negative guidance andStanford University
branching cues, which include members of the netrin,Stanford, California 94305
semaphorin, slit, and ephrin families (Tessier-Lavigne
and Goodman, 1996). The last two, terminal arborization
and cell death, are also controlled by specific molecularSummary
regulators which include members of the neurotrophin
family, as well as by competitive interactions amongLike naturally occurring neuronal cell death, stereo-
axons regulated by specific patterns of electrical activitytyped pruning of long axon branches to temporary
(Herrmann and Shatz, 1995).targets is a widespread regressive phenomenon in
In contrast, our understanding of the mechanismsthe developing mammalian brain that helps sculpt the
controlling the fifth type of event, the stereotyped prun-pattern of neuronal connections. The mechanisms con-
ing of projections to temporary target regions, is muchtrolling stereotyped pruning are, however, poorly un-
more fragmentary. (In this paper, we will refer to thisderstood. Here, we provide evidence that semapho-
pruning as “stereotyped pruning”, to distinguish it fromrins, activating the Plexin-A3 receptor, function as
the local pruning of subsets of branches that occursretraction inducers to trigger-stereotyped pruning of
within target regions to regulate terminal arborization.)specific hippocampal mossy fiber and pyramidal axon
Stereotyped pruning is extensive and specific, as is wellbranches. Both pruning events are defective in Plexin-
illustrated by the studies of O’Leary and colleagues onA3 mutants, reflecting a cell-autonomous requirement
layer 5 neurons in the visual and motor cortex (Stanfieldfor Plexin-A3. The distribution of mRNAs for Sema3F
and O’Leary, 1985; O’Leary and Stanfield, 1986; O’Learyand Sema3A makes them candidates for triggering the
et al., 1990). In the adult, these two populations of neu-
pruning. In vitro, hippocampal neurons respond to
rons connect to overlapping but distinct sets of target
semaphorins by retracting axon branches. These re- regions in a functionally appropriate way: those in visual
sults implicate semaphorins as retraction inducers but not motor cortex connect to the superior colliculus
controlling stereotyped pruning in the mammalian brain. (a visual processing center), those in motor but not visual
cortex connect to the spinal cord (a motor control cen-
Introduction ter), and both connect to the pons (which is involved
in both sensory and motor control). Remarkably, these
Neurons in vertebrates usually make connections with divergent adult patterns arise from differential sculpting
multiple target cells. In the mammalian brain, for exam- of initially concordant projection patterns: both classes
ple, each neuron contacts on average over a hundred of neurons initially project to the spinal cord, then sprout
synaptic partners, often in many different target areas. branches that invade all the targets of both sets of neu-
The pattern of connections is reproducible from animal rons, including the superior colliculus and the pons.
to animal and is established during embryonic develop- Later, the neurons in each class selectively prune just
ment through five types of progressive and regressive those projections that are functionally inappropriate.
Several aspects of long-range stereotyped branchevents (Tessier-Lavigne and Goodman, 1996; Albright
pruning mark it out as a cellular phenomenon that iset al., 2000). Initially, each neuron sends out a single
distinct from other aspects of neuronal morphogenesis.axon, whose motile tip (or growth cone) is guided to an
First, the branches that are retracted are indeed stereo-initial target. To connect to multiple targets, additional
typed, i.e., they are identifiable prior to the onset ofaxon branches must form from the initial axon shaft by
pruning. This is in sharp contrast to the pruning of shortinterstitial axon branching (or more rarely by splitting of
terminal arbors, which occurs seemingly stochas-the initial growth cone), and be guided to the additional
tically—perhaps reflecting competitive forces (Bern-target areas. Many of the projections are, however, tran-
stein and Lichtman, 1999). Second, the length of thesient, and are later pruned in a stereotyped fashion,
axon branches that is retracted is often enormous—leaving each neuron with connections only to a subset
many millimeters in the case of visual cortical efferents
that project to the spinal cord. Again, this is in sharp
*Correspondence: marctl@stanford.edu (M.T.-L.); samuelp@itsa.
contrast to terminal arbor pruning, which usually in-ucsf.edu (S.J.P)
volves a few micrometers of branches—a difference of3 These authors contributed equally to this work.
three orders of magnitude in the amount of axon that4 Present address: Center for Neuroscience, University of California,
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Despite the dramatic and widespread nature of ste- ity receptor for Sema3A and Neuropilin-2 for Sema3F
reotyped pruning events in the mammalian brain, few (Kolodkin, 1998). There are nine plexins in mammals,
insights have been obtained to date into their molecular divided into four subfamilies (A–D) (Tamagnone et al.,
control. Translocation of the homeodomain transcrip- 1999). In a recent study of neurons isolated from Plexin-
tion factor Otx1 from the cytoplasm to the nucleus in A3 knockout mice, we provided evidence that Plexin-
developing layer 5 neurons occurs just prior to pruning A3 is a key transducer of the Sema3F and Sema3A
of their functionally inappropriate connections, and loss signals (Cheng et al., 2001).
of Otx1 function selectively prevents pruning in these In the course of analyzing Plexin-A3 mutant mice, we
neurons without affecting other aspects of their morpho- observed a defect in the hippocampal infrapyramidal
genesis (Weimann et al., 1999), indicating regulation of bundle, which we found to be abnormally long in the
the pruning process by dedicated transcriptional regula- adult (Cheng et al., 2001). We had already observed a
tors. In Drosophila, inactivation of the Rho family similar defect in Neuropilin-2 knockout mice (Chen et
GTPase regulator p190 RhoGAP results in retraction of al., 2000). Those observations were the starting point
branches of mushroom body neurons, indicating regula- for the present study. To our surprise, we found that the
tion of pruning at the cytoskeletal level (Billuart et al., defects reflect pruning defects, and we have gone on
2001). to obtain evidence supporting a role for semaphorin/
Although these studies have provided initial insights, plexin signaling in triggering the stereotyped pruning of
two fundamental issues regarding stereotyped pruning both the infrapyramidal bundle as well as one of the
remain unresolved. The first is the cell biological mecha- hippocampo-septal projections. Our results thus pro-
nism of the pruning: are branches retracted from their vide evidence for the existence of retraction inducers
tips all the way back to their branch points, do they get for stereotyped pruning and identify semaphorins as
thin and then get retracted, or do they degenerate along mediators of this pruning.
their length? Branch pruning, though widespread, is dif-
ficult to detect experimentally, and is, in this regard, Results
reminiscent of cellular apoptosis, where the death and
removal of cellular corpses occurs discretely and with- We discovered a role for semaphorin/plexin signaling
out eliciting an inflammatory response and cannot easily in controlling axonal pruning through analysis of two
be detected without using specific molecular markers. hippocampal projections: the infrapyramidal bundle,
This analogy does not mean that similar mechanisms which can be easily visualized, and the hippocampo-
are involved, however; indeed, the evidence suggests septal projection, which is more difficult to visualize but
that the classical cell death pathway does not control easier to study in vitro. We discuss these in turn.
stereotyped branch pruning (Raff et al., 2002). The sec-
ond issue concerns the molecular control mechanisms
Stereotyped Shortening of the Infrapyramidal Bundle
for stereotyped pruning. At one extreme, stereotyped
The hippocampal mossy fiber pathway arises from gran-
pruning could be entirely preprogrammed within the
ule cells in the dentate gyrus, which innervate hippocam-
neurons, perhaps triggered by intrinsic transcriptional
pal CA3 pyramidal cells and can be visualized by calbin-switches like the translocation of Otx1 and not require
din immunohistochemistry (Figure 1), as well as by TIMMextrinsic signals acting on the axon branches that are
staining (which labels axon terminals) (Chen et al., 2000;retracted. Alternatively, pruning could be regulated by
Cheng et al., 2001). In the adult, most axons exiting theextrinsic signals acting on branches. For example, prun-
dentate hilus are found in a bundle adjacent to anding could be triggered by a loss of positive branch main-
above the pyramidal cell layer in the suprapyramidal ortenance factors, a mechanism that has been suggested
main mossy fiber bundle (Figures 1A–1C). In addition,to operate quite generally to control local pruning of
however, a small number are found underneath the pyra-small branches within target fields (Bernstein and Licht-
midal layer, in the infrapyramidal bundle (IPB) (Figuresman, 1999). Stereotyped pruning could also be triggered
1A–1C). In adult CD-1 mice, the IPB is short, and theseby the appearance of negative retraction inducers. Al-
axons cross the pyramidal cell layer and join the mainthough the latter mechanism is possible in principle, no
mossy fiber pathway in the vicinity of the hilus. We pre-evidence has been provided for it to date.
viously reported that in adult Neuropilin-2 and Plexin-Here, we provide evidence for extrinsic control of ste-
A3 mutant mice, the main bundle appeared grossly nor-reotyped branch pruning by retraction inducers by impli-
mal but the IPB was abnormally long, extending to thecating members of the semaphorin family and their neu-
apex of the curvature of CA3, as assessed by calbindinropilin and plexin receptors in triggering stereotyped
and TIMM staining (Chen et al., 2000; Cheng et al., 2001;pruning of two distinct hippocampal projections. The
Figures 2A and 2B).semaphorins are a large family of cell surface and se-
To determine how these defects arise, we first exam-creted signaling molecules, many of which have been
ined the normal development of the IPB. To our surprise,implicated in axon guidance (Kolodkin, 1998). One sem-
we found that at postnatal day 4 (P4), the youngestaphorin subfamily, class 3, comprises five secreted
age when calbindin immunohistochemistry specificallymembers in mammals (Sema3A, B, C, E, and F) that
labels dentate granule cell axons, the IPB is long (dataguide axons through repulsion (Semaphorin Nomencla-
not shown). This is seen clearly at P10, when the IPBture Committee, 1999). This repulsion is mediated by
extends two-thirds of the length of CA3 (Figures 1B andreceptor complexes consisting of a neuropilin protein,
1C). At P20, the IPB is slightly shorter, but still muchwhich functions in ligand binding and a plexin protein,
longer than in adult mice (Figures 1B, 1C, and 2D). Bywhich functions in signal transduction. There are two
P30, the IPB is shorter and close to the adult length,neuropilins in mammals, which bind differentially to
class 3 semaphorins: thus, Neuropilin-1 is the high-affin- which is attained by P45 (Figures 1B, 1C, and 2D). To
Semaphorin Regulation of Axonal Pruning
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Figure 1. The Infrapyramidal Bundle (IPB) of the Mossy Fiber Pathway Shortens during Normal Development
(A) Schematic diagram of the two bundles that comprise the mossy fiber pathway: the main bundle (MB) and the IPB. Both exit the dentate
gyrus (DG), with the MB traveling above and the IPB below the pyramidal cell layer.
(B and C) Coronal sections of hippocampus in wild-type CD-1 mice immunostained with antibodies to calbindin. (B) Low magnification view
of the hippocampus at four ages (P10, P20, P30, and P45). (C) High magnification views of the rectangular area shown in (A) for each of the
images in (B). The IPB (arrows) is long at P10 and P20, but has shortened by P30 and taken on its adult length by P45. Scale bar is equal to
300 m and 150 m in (B) and (C), respectively.
define the timing of IPB shortening, we studied twenty- of the IPB length (“a” in Figure 2C) to the length of CA3
(“b” in Figure 2C), providing a “normalized IPB length”.two animals at ages between P20 and P30. Shortening
was not consistently observed at any particular age; This ratio helps compensate for the change in shape of
the hippocampus across its septo-temporal extent, sorather, the percentage of animals with short IPBs in-
creased progressively with age (data not shown). Fur- that the standard deviation in normalized IPB ratios ob-
tained from different sections of a given animal (exclud-thermore, we rarely observed animals with an IPB of
intermediate length (5/22 animals); in most cases (17/ ing the septal and temporal poles), was less than 5%
of the mean value (data not shown). The use of a ratio22), the IPB was either long or short (data not shown),
suggesting that shortening occurs quickly. also compensates for changes in size of the hippocam-
pus during development. Using this measure, we found
that in wild-type animals a dramatic decrease in normal-The IPB Fails to Undergo Shortening in Plexin-A3
and Neuropilin-2 Mutant Mice ized IPB length occurs between P20 and P30, whereas
in Plexin-A3 or Neuropilin-2 mutant animals there is noWe next examined the basis for the abnormally long IPB
seen in Plexin-A3 and Neuropilin-2 mutant mice. At P10 significant change (Figure 2D).
and P20, the IPB in Plexin-A3 (Figure 2A) or Neuropilin-2
(Figure 2B) mutant mice is similar in length to the IPB IPB Shortening or Maintenance Is Not Controlled
by Apoptosis, Neurogenesis,in wild-type animals. However, whereas by P30 the wild-
type IPB has become short, the IPB in Plexin-A3 or or Neurodegeneration
The normal shortening of the IPB during developmentNeuropilin-2 mutant animals remains long, and persists
in length at P45 (Figures 2A, 2B, and 2D). is suggestive of pruning, and the defects in Plexin-A3
mutant mice suggest a failure to prune. It seemed possi-We quantified the shortening by calculating the ratio
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Figure 2. Failure of IPB Shortening in Plexin-
A3 and Neuropilin-2 Mutant Mice
(A and B) Coronal sections of hippocampus
from P10, P20, P30, and P45 Plexin-A3
(PLXA3 KO; A) and Neuropilin-2 (NP2 KO; B)
mutant mice immunostained with antibodies
to calbindin. The IPB shortening that normally
occurs between P20 and P30 does not occur
in the mutants.
(C and D) Quantitation of IPB shortening, us-
ing the ratio of IPB length to the length of
CA3 (“normalized IPB length”). (C) IPB length
was measured from the tip of the inferior
blade of the dentate granule cell layer (“a”).
The length of CA3 was measured from the
tip of the inferior blade to the apex of the
curvature of the CA3 pyramidal cell layer
(“b”). Normalized IPB length was taken as a/
b. (D) This quantitation confirms the absence
of IPB shortening between P20 and P30 in
the mutants (n  4–9 at each age for each
genotype). Scale bar is equal to 300 m.
ble, however, that effects on apoptosis or neurogenesis Together, these results appear to exclude effects on
apotosis or neurogenesis in normal shortening of thecould contribute to the observed effects as well.
We first examined whether cell death contributes to IPB or its maintenance in Plexin-A3 mutant mice and
support the idea that normal IPB shortening is due tonormal IPB shortening, using TUNEL staining. Both qual-
itative (Supplemental Figure S1A available at http:// stereotyped axonal pruning, and its failure in Plexin-A3
mutants is due to a failure to prune.www.cell.com/cgi/content/full/113/3/285/DC1) and quan-
titative (Supplemental Figure S1C available at above It has been suggested that developmental axonal
pruning may have a similar cellular basis to axonal de-website) analysis revealed that few granule cells un-
dergo apoptosis between P10 and P30, and the extent of generation observed in the injured adult (Raff et al.,
2002). However, degeneration stains (silver stains, Sup-apoptosis was similar in wild-type and Plexin-A3 mutant
mice (Supplemental Figures S1B and S1C available at plemental Figures S1G and S1H available at above web-
site; fluoro-Jade B, data not shown) in animals withhttp://www.cell.com/cgi/content/full/113/3/285/DC1).
The dentate gyrus is an area of active neurogenesis, intermediate length IPB (where the shortening is pre-
sumably ongoing) failed to stain axons in the IPB area orproducing dentate granule cells into adulthood (Cam-
eron and McKay, 2001). Since these neurons extend cells in the dentate granule layer, but showed convincing
staining in a positive control model provided by kainate-axons into CA3 rapidly (within 4 days) (Hastings and
Gould, 1999), it seemed possible that the IPB defect induced degeneration (Supplemental Figure S1I avail-
able at above website and data not shown). Thus, IPBin Plexin-A3 mice could result from excess genesis of
dentate granule cells. We quantified neurogenesis in the pruning does not appear to involve axonal degeneration
of the kind induced by injury.dentate gyrus by immunohistochemistry using antibod-
ies to phospho-histone H3. The number of dividing cells
decreased dramatically between P10 and P20 in both Plexin and Semaphorin Expression Patterns
Suggest Roles in IPB Pruningwild-types and mutants (data not shown), but did not
change significantly between P20 and P30 (the IPB prun- The IPB phenotype in Plexin-A3 and Neuropilin-2 mu-
tants could reflect a function for these receptors eithering period) in either wild-type or Plexin-A3 mutant ani-
mals (Supplemental Figures S1D–S1F available at above within dentate granule cells or in cells in the environment
of the IPB. Neuropilin-2 mRNA is expressed by dentatewebsite).
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granule cells from late embryonic stages to adulthood heterozygous females are mosaic for Plexin-A3 due to
random X-inactivation producing clones of cells with only(Chen et al., 2000), consistent with a receptor function.
an active wild-type Plexin-A3 allele and clones of cellsTo determine whether the same is true of Plexin-A3, we
with only an active mutant Plexin-A3 allele (Figure 4A).examined the expression of its mRNA and that of other
To monitor random X inactivation, we used a trans-Plexin-As at P25, during the IPB pruning period. Plexin-
genic mouse with green fluorescent protein inserted onA1, -A2, and -A4 are expressed in the pyramidal cell
the X chromosome (X-GFP; Hadjantonakis et al., 2001).layer, whereas Plexin-A2, -A3, and -A4 are expressed
GFP immunohistochemistry showed high-level expres-within the dentate granule cell layer (Figures 3A–3D).
sion of the reporter within all cells (Figure 4B). In con-Interestingly, Plexin-A2 is expressed throughout the
trast, no immunoreactivity was observed when usinggranule cell layer, whereas Plexin-A3 is expressed in its
this antibody on sections from homozygous Plexin-inner third, where the youngest granule cells are located,
A3 mutant mice (Figure 4C) (note that the Plexin-A3and Plexin-A4 in its outer two-thirds, where older granule
mutant allele was actually engineered using a targetingcells are located (Cameron and McKay, 2001). Retro-
construct carrying tau-GFP but, as reported (Cheng etgrade tracing experiments with DiI injected into the IPB
al., 2001) and confirmed here, expression of the proteinregion indicate that a significant portion of the axons in
was so low as to be undetectable). Thus, by crossingthe IPB derive from neurons in the inner third (data not
the X-GFP chromosome into the Plexin-A3 mutantshown). These expression data are consistent with a
background to generate compound heterozygotes, GFPreceptor role for Plexin-A3 in regulating IPB pruning.
expression in cells in females identified functionallyWe next investigated expression of the candidate li-
wild-type cells (in which the mutant Plexin-A3 allele wasgands Sema3A and Sema3F, both of which can repel
inactivated), and absence of GFP expression identifiedembryonic dentate granule cell axons (mossy fibers) in
functionally mutant cells (in which the X-GFP chromo-vitro (Che´dotal et al., 1998; Cheng et al., 2001). In the P25
some was inactivated) (Figure 4A).hippocampus, Sema3A expression was not detectable
The hippocampi of compound heterozygous adult fe-(Figure 3E), but Sema3F was strongly expressed in iso-
males contained clusters of cells with and without GFP,lated large cells within the IPB region and stratum oriens
as detected by GFP immunostaining (Figure 4D). In theof CA3 and CA1 (Figure 3F). These cells are likely to be a
granule cell layer, a salt and pepper distribution wassubset of interneurons, since their distribution in stratum
seen, with GFP-expressing cells distributed throughoutoriens is reminiscent of that of neuropeptide Y (NPY)-
(Figure 4G). In the pyramidal cell layer, clones containingexpressing interneurons and parvalbumin-expressing
GFP were organized into radial units (Figures 4D–4F).interneurons (Figure 3L and Supplemental Figures S2B
Both dentate granule and pyramidal layers showed greatand S2C available at above website)—two overlapping
variability from animal to animal in the percentage ofbut distinct populations. Although Sema3F mRNA has
cells that expressed GFP (data not shown). These resultsa highly localized distribution, the protein could be se-
are in agreement with the previously described clonalcreted more widely within the stratum oriens by the
organization of the hippocampus (Martin et al., 2002).extended processes of the interneurons. These results
To identify wild-type and mutant axons in compoundare consistent with axons within the IPB being exposed
heterozygous females, we used antibodies to GFPto Sema3F during the pruning period.
(green) and calbindin (red). Yellow axons contain bothInterestingly, whereas Sema3F is expressed widely in
calbindin and GFP and thus originate from dentate gran-the prenatal hippocampus (Che´dotal et al., 1998), it then
ule cells expressing wild-type Plexin-A3, whereas redappears to be dramatically downregulated, so that at
axons contain only calbindin and therefore originateP10 and P15 its expression in the pyramidal cell layers
from dentate granule cells expressing the mutant Plexin-is undetectable (Figure 3H and data not shown). Expres-
A3 allele (Figures 4A, 4H, and 4J). At P10 (n  4), bothsion appears to resume around P20, since in half (2/4)
wild-type (yellow) and mutant (red) IPB axons were longof the animals we examined, expression of Sema3F was
(Supplemental Figure S3 available at http://www.cell.detected in a small number of cells in the stratum oriens
com/cgi/content/full/113/3/285/DC1). In adult animalsof CA3 (Figures 3I–3J show examples of sections from
(n 8), however, wild-type (yellow) axons within the IPB
a positive animal and a negative animal). By P23 (n 
were short, and all the long axons extending underneath
3/3) and P26 (n  3/3), all animals examined showed
the pyramidal layer within the IPB were red (i.e., mutant)
expression of Sema3F in the large isolated cells (Figures (Figures 4J and 4K), regardless of whether wild-type
3K–3L). (green) or mutant (black) pyramidal cells populated the
These expression patterns suggest a model (Figure pyramidal layer overlying the long IPB axons (Figures
3M) in which Plexin-A3 and Neuropilin-2 form a receptor 4H, 4I, and data not shown); many wild-type (yellow)
complex within dentate granule cell axons that is acti- axons were observed in the main bundle. The absence
vated when Sema3F begins to be expressed by of wild-type (yellow) axons in the unpruned IPB regard-
interneurons in the stratum oriens around P20, thereby less of the genotype of the environment argues strongly
triggering IPB shortening. Impairment of this receptor that loss of Plexin-A3 within granule cells is necessary
complex in Plexin-A3 or Neuropilin-2 mutant mice re- for the pruning defect, consistent with a cell-autono-
sults in a failure of IPB pruning. mous role for Plexin-A3 as a receptor within dentate
granule cells regulating pruning.
Plexin-A3 Functions Cell Autonomously
to Regulate IPB Pruning The Hippocampo-Septal Pathway Also Fails
To test directly whether Plexin-A3 functions within den- to Prune in Plexin-A3 Mutant Mice
tate granule cells to regulate pruning, we performed We next examined another pathway originating in the
hippocampus that undergoes developmental pruning,mosaic analysis. Since Plexin-A3 is X-linked, Plexin-A3
Cell
290
Figure 3. Expression Patterns of mRNAs for Plexin-As and Their Semaphorin Ligands during the IPB Pruning Period
(A–F) In situ hybridization was performed with probes to Plexin-A1–A4 (A–D) and Sema3A and 3F (E and F), on coronal sections of wild-type
P25 hippocampus, when IPB pruning is occurring. Plexin-A2 (B) is expressed throughout the DGL whereas Plexin-A3 (C) is expressed in the
inner third and Plexin-A4 (D) in the outer two thirds. Sema3F is expressed in individual cells in stratum oriens and the infrapyramidal region
of CA3 (F), which are likely interneurons (see L and Supplemental Figure S2 available at http://www.cell.com/cgi/content/full/113/3/285/DC1).
(G–L) Time course of appearance of Sema3F transcripts in stratum oriens. The region shown in (H–L) is boxed in (G). Sections are shown at
P15 (H), P20 (two different animals in I and J), and P26 (K). For comparison, expression of NPY is shown at P26 (L).
(M) These expression patterns suggest a model in which the IPB is long in wild-type (WT) animals and then is pruned back in response to
Sema3F expressed in the IPB region of CA3 (blue dots). In adult Plexin-A3 mutant animals (KO), the IPB remains long because the axons do
not respond to Sema3F.
Scale bar is equal to 300 m, 100 m in (A–F) and (H–L), respectively.
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the hippocampo-septal pathway (Super and Soriano, If the pruning events in the IPB and hippocampo-
1994; Linke et al., 1995). This pathway originates from septal pathways are dependent on semaphorin signal-
CA1 pyramidal cells, which initially send axons to medial ing through specific receptor complexes, we would not
septum at late prenatal times (Figure 5A). Once the ax- expect a defect in Neuropilin-2 mutants, since the ex-
ons reach the medial septum, they sprout branches that pression analysis had suggested that Sema3A (a high
project to lateral septum (Figure 5B), then the original affinity Neuropilin-1 ligand) was more likely to mediate
projections to medial septum are pruned by P5, leaving pruning than Sema3F, the high affinity Neuropilin-2 li-
the connection from CA1 to lateral septum (Figures 5C– gand (Figures 5I and 5J). Indeed, in wild-type mice, retro-
5D). At P3, during the pruning period, all Plexin-A family grade labeling of CA1 pyramidal neurons from medial
members are expressed by CA1 neurons (Figures 5E– septum was observed in Neuropilin-2 mutants at P0
5H), consistent with an involvement of plexin receptors (n  3), but not at P8 (n  4) (Supplemental Figure S4
in regulating pruning. Previous studies have shown that available at http://www.cell.com/cgi/content/full/113/3/
Plexin-A3 is expressed at P1 and prenatal ages as well 285/DC1), indicating normal pruning.
(Cheng et al., 2001; Murakami et al., 2001). In the relevant
target, the medial septum at P3, we observed strong Pruning of Cortical Layer V Axon Collaterals
expression of Sema3A but not Sema3F transcripts (Fig- Occurs in Plexin-A3 Mutant Mice
ures 5I and 5J), suggesting that Sema3A is more likely To examine whether Plexin-A3 is required generally for
than Sema3F to direct the pruning. pruning, we examined layer V cortical neurons, which
To test for involvement of Plexin-A3 in the pruning, undergo extensive stereotyped pruning (see Introduc-
we examined Plexin-A3 mutant mice. We labeled the tion). Plexin-A3 is expressed in layer V cells in visual
medial septal projection retrogradely, injecting DiI into cortex during that period (data not shown). When DiI
medial septum and examining whether any pyramidal crystals were placed in visual cortex at P7 (before normal
neurons in CA1 (identified by cell body morphology in pruning), labeled axons were seen in the spinal cord of
the stratum pyramidale) were labeled. At P0, DiI place- both wild-type (n  3) and mutant (n  3) mice. When
ment in medial septum results in retrograde labeling of they were placed at P15, when pruning should be largely
CA1 pyramidal cells in both wild-type (n  6; Figure 6B) complete, labeling in superior colliculus but not spinal
and Plexin-A3 mutant (n  5; Figure 6C) animals. By P8, cord was seen in both wild-type (n  3) and mutant
pruning of fibers in the medial septum has taken place (n  3) animals, indicating that pruning of the spinal
in wild-type mice (Super and Soriano, 1994; Linke et al., projection occurs normally in the mutants. We verified
1995), so that DiI placement in medial septum no longer that adequate time was given for dye diffusion by placing
retrogradely labels cells in CA1 (n 7; Figure 6E). Impor- DiI in the motor cortex of P15 mutants and observing
tantly, in Plexin-A3 mutant mice at P8 many CA1 pyrami- corticospinal tract labeling in the spinal cord (n  3).
dal cells were retrogradely labeled (n  10; Figure 6F), Thus, the Plexin-A3 mutant does not have a global de-
indicating that these cells still project inappropriately fect in axonal pruning.
to medial septum. Thus, pruning of the medial septum
projection is defective in Plexin-A3 mutant mice, al- Sema3A Induces Hippocampal Pyramidal Axon
though we cannot exclude that some pruning occurs
Shortening and Branch Pruning In Vitro
because the method is not quantitative. We also placed
We next examined whether the in vivo defects in pruning
DiI in the lateral septum at P8 (Figure 6G) in wild-type
in the mutant mice could be explained by the direct(n  4) and in Plexin-A3 mutant (n  4) animals; CA1
actions of semaphorins on branches, by developing inpyramidal cell neurons were retrogradely labeled in both
vitro assays for hippocampal pruning. The first pruning(Figures 6H and 6I), showing that branching of CA1 ax-
event we had studied, that of the IPB, occurs betweenons and appropriate targeting of the lateral septum oc-
P20 and P30, when dentate granule cells are difficultcurs normally in the mutants. After DiI placement at P15,
to culture. We therefore focused on the hippocampo-no CA1 pyramidal neurons were retrogradely labeled
septal pathway, because CA1 pyramidal neurons canfrom medial septum in wild-type animals (n  3), but
be readily cultured at perinatal stages.many were in Plexin-A3 mutants (4 of 5 brains tested),
In a first experiment, we cultured microdissected ex-showing that pruning was still impaired at P15 (data not
plants of the CA1 region obtained from E17.5 mice inshown). The same was true in 8 of 10 P20 mutants that
collagen gels. After 72 hr, axons had extended from thewere examined (data not shown).
explants into the collagen (Figures 7A and SupplementalAs for the IPB pruning defect, we examined whether
Figure S5 available at above website). These axons werethis hippocampo-septal pruning defect was cell-autono-
mostly from pyramidal neurons, since only a few ex-mous using the same type of mosaic analysis in P8
pressed the vesicular GABA transporter (data notcompound heterozygous female mice. Small focal injec-
shown), a marker for interneurons (the other main neu-tions of DiI (red) were made into the medial septum and
ronal population in CA1). Explants were then exposedallowed to diffuse to the hippocampus. GFP expression
to Sema3A- or Sema3F-containing media or control me-in labeled cells was detected by immunostaining (green)
dium and cultured for another 16 hr. The cultures wereto determine whether the labeled CA1 neurons were
then fixed and compared to control cultures that hadwild-type (yellow) or mutant (red) (Figure 6J). DiI-positive
been fixed after the first 72 hr (Figure 7A and Supplemen-CA1 neurons were found in seven of the ten animals
tal Figure S5A available at above website). The ratio oftested (Figure 6K). None expressed GFP (i.e., all were
axon lengths for explants treated with control mediared; n 112) (Figure 6K), indicating that they were func-
(control, t  16 hr) to explants fixed at t  0 hr was 1.04tionally mutant for Plexin-A3, consistent with the pruning
defect being cell-autonomous. (Figure 7A), indicating that axons do not grow signifi-
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Figure 4. The IPB Pruning Defect in Plexin-A3 Mutants Is Cell-Autonomous
(A) Schematic diagram outlining the genesis and analysis of chimeric animals for studies of cell-autonomy. Male X-GFP transgenic mice were
mated with homozygous plexin-A3 mutant females. All female progeny carried one X-GFP and one plexin-A3 mutant chromosome. Random
X-inactivation yields clones that express GFP and are functionally wild-type for Plexin-A3, and clones that do not express GFP and are
functionally mutant for Plexin-A3.
(B–G) GFP immunostaining (brown reaction product) of coronal sections of the hippocampus from X-GFP/Y mice (B), X-Plexin-A3 mutant/
X-Plexin-A3 mutant mice (C), and X-GFP/X-Plexin-A3 mutant mice (D–G). Staining (brown) is uniform throughout the hippocampus of X-GFP/Y
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cantly during the 16 hr treatment period. Explants granule cells (10% Prox-1) or interneurons (8% GAD-
65) (data not shown). To facilitate visualization of neu-treated with Sema3A-medium had significantly shorter
axons, as the ratio of lengths was 0.80 (Figure 7A). Ex- rons prior to treatment, we infected the cultures after
72 hr with recombinant adenovirus engineered to directplants treated with Sema3F, in contrast, had only a
slight, but still statistically significant (p  0.005, Stu- expression of GFP (Figure 7B), resulting in labeling of
virtually all cells.dent’s t test), shortening: the ratio of lengths was 0.97
(Figure 7A). A longer incubation period (26 hr) did not Individual cells were photographed 48 hr after adeno-
virus infection. Cultures were then exposed to Sema3A-,significantly change these values, indicating that the
effect of semaphorins had reached a maximum in 16 hr. Sema3F-, or control medium for 16 hr, the cells that had
been photographed were located again and rephoto-When these experiments were repeated with explants
from Plexin-A3 mutant mice, the effect of Sema3A was graphed, and changes in morphology were assessed
(Figure 7B). Sema3A-containing medium caused thelost (ratio of lengths 0.98). (The small effect of Sema3F
was also reduced [ratio  1.0] but this change did not vast majority of pyramidal cells to retract portions of
their axonal structure, as shown for three neurons inachieve significance). Thus, exposure to Sema3A (and to
a much lesser extent, Sema3F) can cause CA1 pyramidal Figure 7C (retracted branches indicated by red arrow-
heads) (see also Supplemental Figure S5B available ataxon shortening, apparently through a receptor mecha-
nism involving Plexin-A3. As a control, we performed http://www.cell.com/cgi/content/full/113/3/285/DC1),
and quantified in Figure 7B. In contrast, in control me-similar experiments using explants of dorsal root ganglia
to study a population of Sema3A responsive cells that dium most neurons either remained unaltered or actually
increased in size (Figures 7B and 7C; data not shown).do not undergo pruning in vivo. When explants were
cultured with control medium, the halo continued to Sema3F-containing medium also caused a reduction in
axonal length, but in fewer neurons (Figure 7B) and toexpand (ratio of lengths for explants at t 16 hr to those
fixed at t  0 hr was 3.1). Sema3A did not induce a a lesser extent than with Sema3A (data not shown). To
confirm that the apparent change in morphology did notretraction of the axons, although it did slow the contin-
ued expansion (ratio of lengths: 1.7; p  0.0.00001). simply represent a redistribution of the GFP marker,
some Sema3A-treated cultures were stained with anti-Sema3F did not have a statistically significant effect
(ratio of lengths: 2.8; p  0.11 compared to controls). Tau or anti-class III -tubulin antibodies or with rhoda-
mine-conjugated phalloidin, to visualize axonal arborsThus, Sema3A does not necessarily cause axonal retrac-
tion in vitro, even for axons that it is well known to repel. directly; the staining patterns were identical to those
seen with GFP fluorescence (data not shown). The sameTo examine semaphorin effects with greater cellular
resolution, we developed a dissociated cell assay (Fig- was true when the cells were stained with an antibody
to Neuropilin-1, which labeled all processes, includingure 7B). Dissociated pyramidal neurons grown in vitro
generally retain their in vivo morphology (Banker and those that did not retract in response to Sema3A (data
not shown). Thus, differences in expression of Neuropi-Cowan, 1979). We therefore prepared low density cul-
tures from E17.5 embryos and allowed the neurons to lin-1 by different branches do not explain why some
retract and others don’t.extend branched axons over 5 days, with the idea that
the cells would be comparable to P3 hippocampal neu- TUNEL staining did not show significant differences in
the numbers of hippocampal cells undergoing apoptosisrons (a time when CA1 processes are undergoing prun-
ing in medial septum). At E17.5, the hippocampus is between Sema3A-, Sema3F-, and control-treated cul-
tures at 16 hr or even 48 hr posttreatment (data notenriched in CA1 pyramidal neurons relative to CA3 pyra-
midal or dentate granule neurons (Altman and Bayer, shown), indicating that semaphorins did not stimulate
apoptosis, at least at the concentrations used here. This1990), so that a large fraction of the neurons in culture
were likely to be CA1 pyramidal cells. This was con- was confirmed by preincubating the cultures with the
general caspase inhibitor VAD-fmk. Levels of apoptosisfirmed by immunostaining with antibodies to either
Prox-1 or GAD-65, which showed that only a small per- were reduced when compared to cultures preincubated
with control medium (data not shown), but there was nocentage of the neurons in the cultures were dentate
mice (B) but was not detectable (absence of brown stain) in the hippocampus of X-Plexin-A3 mutant/X-Plexin-A3 mutant (C) mice. In X-GFP/
X-Plexin-A3 mutant mice (D), the pattern of X-inactivation is indicated by the nonuniform pattern of expression of GFP (compare to uniform
expression in B). High magnification views of the boxed regions in (D) are shown in (E–G). Within the dentate gyrus, a salt and pepper pattern
of GFP was seen (D and G), indicating that clones of cells expressing the wild-type X chromosome and X-GFP chromosome were well mixed.
In CA3 (D and F) and CA1 (D and E), regions with and without staining were seen, reflecting the columnar nature of clones generated by
X-inactivation in those regions. In the example shown, many cells in CA3 do not express GFP, allowing expression in the dentate granule cell
axons to be clearly seen (D).
(H and I) Schematic diagram of predicted results of double immunostaining for calbindin (red) and GFP (green) after the normal pruning period.
If Plexin-A3 functions cell autonomously to direct pruning, defective (i.e., long) axons in the IPB should not express GFP and hence all be red
(I), whereas the presence of yellow axons—expressing both GFP and calbindin—would indicate that wild-type axons can be defective as well,
a nonautonomous effect (H).
(J and K) In chimeric mice obtained as described, wild-type mossy fibers (yellow) are seen in the dentate gyrus (DG), in the main mossy fiber
pathway that travels above the pyramidal cell layer, and in the portion of the IPB that is close to the dentate gyrus. However, the distal portion
of the IPB that is only seen in mutant hippocampi consists exclusively of mutant mossy fibers (red) (J; K shows higher magnification of boxed
area in G). Note that the apparent discontinuity in axon bundles reflects the fact that this is a 0.5 m optical confocal section of a 40 m
vibratome section; it is not a real discontinuity in the axons.
Scale bar is equal to 300 m, 80 m, 100 m, 40 m in (B–D), (E–G), (J), and (K), respectively.
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Thus, Sema3A does not produce its pruning effect by
stimulating apoptosis.
To determine whether the pruning occurred through
retraction or degeneration, we inspected cultures at var-
ious times after Sema3A treatment (2, 4, 6, and 8 hr).
We did not observe an increase in axon blebbing at any
of these times, suggesting that axons were retracting
rather than degenerating (data not shown). In contrast,
cultures challenged with glucose deprivation or acidotic
media, which induced necrosis, showed extensive bleb-
bing of a majority of cells (data not shown). Thus,
Sema3A-mediated retraction is unlikely to reflect a toxic
effect of the ligand.
To test involvement of Plexin-A3 in semaphorin-
induced pruning, we repeated the experiments using
cultures derived from Plexin-A3 mutants. The pruning
effects of Sema3A and Sema3F were almost completely
eliminated in these cultures (Figure 7B). The behavior
of cells appeared otherwise comparable to those in wild-
type cultures; for instance, the basal levels of apoptosis
and their change in response to glucose deprivation or
acidotic media were the same in both control and mutant
cultures (data not shown). These results are consistent
with semaphorin-induced pruning in these cultures be-
ing mediated by a Plexin-A3-dependent receptor mech-
anism.
Discussion
The stereotyped pruning of axonal branches that project
to temporary targets is a widespread phenomenon in
the mammalian nervous system but its molecular control
is poorly understood. In particular, it has been unclear
whether stereotyped pruning is simply preprogrammed
in the neuron or regulated by extrinsic signals, and, if the
latter, whether such extrinsic signals include retraction
inducers. Our studies support the existence of retraction
inducers as triggers for stereotyped pruning in vivo, and
identify class 3 semaphorins, functioning via neuropilin/
plexin receptor complexes, as mediators of this function
(Figure 8).
Plexin-A3 Is Required for Stereotyped Pruning
of Hippocampal Projections
Our in vivo analysis provides strong evidence for control
of stereotyped pruning of two temporary hippocampalFigure 5. Expression of Plexin-A and Semaphorin Family Members
projections by a plexin-dependent mechanism. The ste-during Hippocampo-Septal Pruning
reotyped pruning of the projection from CA1 pyramidal(A–D) Time course of hippocampo-septal pruning (Linke et al., 1995).
Axons of CA1 pyramidal cells reach the medium septum (MS) by neurons in the hippocampus to the medial septum,
E18.5 (A). At P0 (B), they send branches to lateral septum (LS). which normally occurs by P5, is significantly impaired
Between P2 and P5 (C and D), the branches to MS are pruned, in P8 Plexin-A3 mutant mice, as assessed by retrograde
whereas projections to LS are maintained. labeling. Because this labeling method does not allow(E–J) Expression of mRNAs for Plexin-A family members in the hip-
for quantitative assessment, it is difficult to determinepocampus, and Semaphorin family members in the target septum
the extent of the defect. However, qualitative compari-at P3. Plexin-A3 (G) is expressed in P3 pyramidal cell neurons and
Sema3A (I) is expressed in medial septum. son of the extent of labeling before and after the normal
Scale bar is equal to 300 m. pruning period (P0 and P8, respectively) suggests that
a large fraction of the projection—if not the entire projec-
tion—fails to prune.
The extent of defective pruning can be more easilyapparent change in the amount of pruning after Sema3A
addition (Figure 7B and data not shown). We also TUNEL assessed in the case of the infrapyramidal bundle, which
can be directly visualized. We discovered and reportstained cultures that had been treated with Sema3A and
scored for retraction. Most cells undergoing retraction here that this bundle is initially long, extending about
two-thirds the length of CA3, then shortens dramatically(81%, n  42) were TUNEL-negative and therefore un-
likely to be undergoing apoptosis (data not shown). between P20 and P30 to assume its adult length. This
Semaphorin Regulation of Axonal Pruning
295
Figure 6. Defective Hippocampo-Septal Pruning in Plexin-A3 Mutants
(A–I) Axon tracing in P0 (A–C) and P8 (D–I) wild-type (B, E, and H) and Plexin-A3 mutant (C, F, and I) mice was performed by placing DiI
crystals in the medial septum (A–F) or the lateral septum (G–I), and examining retrogradely labeled CA1 pyramidal neurons in the stratum
pyramidale (SP) layer. Labeled neurons are indicated by arrows, and the SP is bracketed by dashed lines in the micrographs (B, C, E, F, H,
and I). At P0, labeled cells are seen in both wild-type (B) and Plexin-A3 mutant (C) mice. At P8, labeled cells are no longer seen in wild-type
mice (E) because of pruning, but they are still seen in mutants (F), indicating a pruning defect. As a control, labeled cells are seen in both
wild-type and mutant mice when DiI is placed in the lateral septum (H and I). Note anterogradely labeled septo-hippocampal fibers in stratum
oriens and stratum radiatum in both mutants and wild-type animals.
(J) Schematic drawing of X-inactivation-based mosaic analysis. In compound heterozygous Plexin-A3/X-GFP female mice (see Figure 4 for
details), DiI was placed in the medial septum at P8. If the pruning defect in Plexin-A3 mutant mice is cell-autonomous, all retrogradely labeled
cells (red) will be functionally mutant for Plexin-A3 and therefore not express GFP (green), i.e., be red rather than yellow. If any retrogradely
labeled cells (red) are functionally wild-type for Plexin-A3, they should also express GFP (green) and appear yellow.
(K) In compound heterozygous P8 females, all retrogradely labeled neurons are red (high magnification view of the boxed region shown in
the right image), and none are yellow.
Scale bar is equal to 300 m for (B) and (C); 400 m for (E), (F), (H), and (I); and 130 m for (K).
occurs without obvious changes in dentate granule cell as late as P60 (n  3). Thus, Plexin-A3 is absolutely
required for IPB pruning to occur.neurogenesis or apoptosis, consistent with shortening
occurring by pruning. Interestingly, IPB pruning occurs
seemingly stochastically between P20 and P30, sug- Semaphorins as Retraction Inducers Functioning
via Plexinsgesting that multiple mechanisms regulate the prun-
ing—perhaps even activity-dependent mechanisms. In Since Plexin-A3 is expressed in many different cells in
the hippocampus during its development, the pruningPlexin-A3 mutants, however, no evidence of pruning
was observed during the normal pruning period, or even defects observed in Plexin-A3 mutant mice could reflect
Cell
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Figure 7. Sema3A Stimulates Axonal Retrac-
tion in Explant and Dissociated CA1 Cell Cul-
tures
(A) Explant cultures. Explants of CA1 were
dissected from E17.5 embryos and cultured
in three-dimensional collagen matrices. Left:
diagram of the culture paradigm (representa-
tive examples shown in Supplemental Figure
S5A available at http://www.cell.com/cgi/
content/full/113/3/285/DC1). After 72 hr, CA1
explants were either fixed (control t  0 hr)
or cultured for another 16 hr with control me-
dium (control t 16 hr) or medium containing
Sema3A (Sema3A t  16 hr) or Sema3F
(Sema3F t  16 hr). After staining with anti-
bodies to class III -tubulin, axon length was
determined by measuring the distance from
the edge of explant (dotted line) to the tips
of the farthest axons (solid line) for all four
quadrants, and the mean length calculated.
The ratio of lengths at 16 hr compared to the
zero hour control was calculated. Quantita-
tion of these experiments is shown on the
right (N  50 explants for each condition;
wild-type explants: solid; Plexin-A3 mutant
explants: open). Sema3A causes significant
retraction in wild-type explants (p  0.005,
Student’s t test). Sema3F also caused a sig-
nificant but smaller retraction (p  0.005).
These effects are not seen in Plexin-A3 mu-
tant explants.
(B and C) Dissociated CA1 pyramidal neu-
rons. (B) Left: experimental paradigm. Disso-
ciated hippocampal cells from E17.5 embryos
were cultured for 72 hr, infected with a GFP-
expressing adenovirus, cultured for another
48 hr to allow GFP expression, then photo-
graphed. Cells were then treated with control,
Sema3A-, or Sema3F-containing conditioned
media for 16 hr, fixed, and rephotographed.
Right: percentage of pyramidal neurons un-
dergoing pruning in cultures of neurons from
wild-type (black bars) and Plexin-A3 mutant
(white bars) mice. Both Sema3A and Sema3F
cause significant branch retraction in wild-
type neurons (p 0.0001, Student’s test), but
Sema3A has a much stronger effect (p 
0.001). 100 M VAD-FMK did not alter the
extent of pruning. Sema3A and Sema3F ef-
fects were significantly reduced when tested
on Plexin-A3 mutant neurons (p  0.0005
compared to wild-type neurons); the effect
of Sema3A was almost but not completely
restored to the level seen with control me-
dium (p  0.1, Student’s t test).
(C) Representative examples of Sema3A- and
control-treated cells showing both pre- and posttreatment morphologies. In control cultures (d–f), new branches were often detected in
posttreatment photographs (green arrowheads). In Sema3A-treated cultures (a–c), in contrast, some axonal branches were shorter in length
or missing in the posttreatment photographs (red arrowheads). (b), (c), (e), and (f) are camera lucida drawings (raw data shown in Supplemental
Figure S5B available at http://www.cell.com/cgi/content/full/113/3/285/DC1). Scale bar is equal to 100 m.
a cell-autonomous role for Plexin-A3 or a non-cell- In the case of the IPB, the evidence comes from the
observation that a similar pruning defect is observed inautonomous role. Our X-linked mosaic analysis, how-
ever, supports a cell-autonomous role for Plexin-A3— mutants for Neuropilin-2, which encodes a receptor that
complexes with Plexin-A3 to transduce the Sema3F sig-and thus a receptor role for Plexin-A3— in both IPB and
hippocampal-septal pruning. nal (Cheng et al., 2001), and the finding that Sema3F is
expressed in the region where the IPB prunes back.Together, our results support the idea that Plexin-
A3 functions cell autonomously to regulate the pruning Together, these observations strongly support a role for
Sema3F in stimulating pruning of the IPB by activatingprocess directly. Furthermore, our results suggest that
Plexin-A3 functions as a component of a receptor com- a Neuropilin-2/Plexin-A3 receptor complex. This predic-
tion is borne out by a recent study by Drs. A. Sahay, D.plex to transduce a semaphorin-induced pruning signal.
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Figure 8. Summary of Plexin-A3 Actions in
Mediating Axonal Pruning Triggered by
Sema3A and/or Sema3F
During development, some neurons first send
out their axons to a transient target (T), and
then send branches to a final target (F). At
later developmental stages, one branch is
pruned back, coincident with the onset of ex-
pression of appropriate semaphorin ligands.
Pruning appears to be triggered by the activa-
tion of the Plexin-A3 receptor by these li-
gands.
Ginty, and A. Kolodkin who have generated a Sema3F occurs by axonal retraction. Indeed, retraction rather
than degeneration appears to mediate the pruning ofknockout mouse and, as predicted, find an overexten-
hippocampo-septal axons in vitro: in both explant cul-sion of the IPB in the adult mutants, similar to that ob-
tures in collagen gels and dissociated cell cultures, theserved in Neuropilin-2 and Plexin-A3 mutants (A. Sahay,
axons of CA1 neurons treated with Sema3A appearedD. Ginty, and A. Kolodkin, personal communication).
to retract, and analysis at intermediate time points failedIn the case of the hippocampo-septal projection, the
to reveal any blebbing of axons that is characteristicallyevidence suggests that the pruning is stimulated by
associated with degeneration. It should be emphasizedSema3A, presumably acting via a Neuropilin-1/Plexin-
that these in vitro observations do not prove that pruningA3 receptor complex. Direct evidence was obtained in
in vivo is caused by retraction rather than degeneration.vitro, where Sema3A was found to stimulate a reduction
However, our failure to detect silver-stained productin the diameter of the axon halo emanating from CA1
during IPB pruning in vivo argues against degenerationexplants as well as the retraction of branches by dissoci-
being the mode of IPB axonal pruning. Alternatively, ifated CA1 neurons—both effects abolished by loss of
degeneration occurs, it must be sufficiently differentPlexin-A3. Interestingly, Sema3F had only a modest re-
from pathological degeneration to prevent the formationtraction-stimulating effect in both assays, even though
of a silver stain reaction product.Sema3F-secreting cells can cause repulsion of CA1 ax-
ons from hippocampal explants (Cheng et al., 2001).
Timing and Branching Selectivity of PruningThis may represent an age difference, as the repulsion
In addition to defining the mode of pruning, two otherassays were performed with younger (E17.5) explants;
features of the pruning process demand explanation.alternatively there may be differences in the signaling
The first is what sets the timing of the pruning. Ourmechanisms for repulsion and axonal pruning. In any
results suggest that pruning is triggered by the appear-case, these results suggest that Sema3A is the more
ance of the semaphorin ligand. In the case of the IPB,likely stimulator of pruning in vivo, an idea supported
we found that expression of the mRNA for Sema3F,by two observations. First, Sema3A but not Sema3F is
which is present throughout the hippocampus prena-expressed at the appropriate time in the region of the
tally, is lost postnatally, and returns in the stratum oriensmedial septum where pruning occurs. Second, no de-
only starting around P20, coincident with the onset offects in pruning of this projection were observed in Neu-
IPB pruning. One fascinating feature of this return ofropilin-2 mutant mice. Unfortunately, it is not possible
expression of Sema3F in a subset of interneurons is theto determine whether a predicted defect in pruning of
seemingly stochastic nature of the onset of expression.this projection is present in Neuropilin-1 mutant mice,
No animals prior to P20 were noted to express Sema3Fsince they die at midgestation (Kitsukawa et al., 1997).
in this pool of interneurons (N  0/6); half of the animalsThe finding of a role for Class 3 semaphorins in trig-
at P20 had started to express Sema3F (N  2/4) and allgering pruning extends the range of functions of these
the animals at P23 or older (N 6/6) expressed Sema3F.molecules, which to date have been implicated in a
This timing seems to parallel our finding that IPB pruningvariety of other inhibitory axon growth and guidance
appears to occur stochastically (but fairly quickly oncefunctions. Our results provide evidence that chronic ex-
initiated) after P20 but before P30. It is tempting to spec-posure of axons to a nonlocalized source of Class 3
ulate that pruning starts a few days after the onset ofsemaphorins can lead to axonal branch retraction in
detectable Sema3F transcript expression. Similarly, in
vitro and also apparently in vivo.
the case of the hippocampal-septal projection, we found
expression of the mRNA for Sema3A in the medial sep-
Cellular Basis of Axonal Pruning tum at P3 (this report) and P0 (Cheng et al., 2001), when
The cell biological mechanisms through which stereo- pruning is occurring, but not at earlier stages (O. Marin,
typed axonal pruning occurs in vivo remain uncharacter- personal communication). The lack of Sema3A as the
ized. The possibility has been raised that pruning occurs pathway begins to form (around E15) and its induction
in vivo through regulated axonal degradation or degen- by P0, three days before pruning initiates, supports a
eration, as has been seen in vitro in response to neuro- similar model: that pruning commences once the ligand
trophin withdrawal or treatment with ephrins (Raff et reaches sufficient protein levels within a few days after
detectable mRNA expression.al., 2002). However, it is also possible that the pruning
Cell
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Explant CulturesThus, in both cases, the time course of expression of
E17.5 hippocampus CA1 was microdissected and cultured in three-mRNA for the relevant ligand is consistent with pruning
dimensional collagen matrices, and anti-class III -tubulin antibodybeing triggered by appearance of the ligand (Figure 8).
(Tuj-1) used to visualize the halo (Chen et al., 2000). Some explants
We cannot, however, exclude, that the time of pruning were stained with anti-vesicular GABA transporter (VGAT; gift of
might also be regulated in part by changes in respon- Drs. R. Reimer and R. Edwards) to identify interneuron axons grow-
ing from CA1 explants, and some were TUNEL stained.siveness of the axonal branches to ligand. A related
issue is how the neuron ensures that appropriate
Dissociated Culturesbranches are pruned all the way back to their branch
E17.5 dissociated hippocampal cultures were as described (Bankerpoints but no further. The spatial regulation of pruning
and Cowan, 1979). The high titer GFP-expressing adenovirus was
is likely explained by a combination of specific ligand a gift of D. Fortin and Dr. R. Edwards. The culture paradigm and
and/or receptor expression, together with regulation by photography is described in Results and Figure 7 legend. Cells
other intrinsic modulators of receptor function in spe- were scored into one of three categories: increased axonal length/
branching, no change, or decreased axonal length/pruning, in acific branches.
blinded fashion. To induce neuronal degeneration, cultures were
treated for 1 hr with acidic media [pH 6.0] or glucose deficient media,
then returned to normal culture conditions.Axonal Pruning in Development and Disease
The identification of semaphorins and their receptors
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